The present communication is intended to serve as an introduction to a new interpretation of the ultrastructure of biological membrane systems. In the first part, the two classical theories of membrane structure are reviewed; in the second part, the limitations of these theories of membrane structure are set forth; and in the final section, the body of evidence is assembled for a more biochemically oriented interpretation of membrane structure.
(1) Bimolecular Phospholipid Leaflets as the Backbone of Biological Membranes.-The Danielli-Davson paucimolecular model1 of the ultrastructure of the plasma membrane, first proposed in 1935 to explain the permeability of cells, has dominated thinking about the molecular organization of membranes for almost three decades. The notions implicit in this theory (see Fig. 1 ) are that: (1) one or more bimolecular leaflets of phospholipid are sandwiched between two layers of protein, considered to be globular; and (2) lipid and protein constitute essentially separate but continuous phases-the polar groups of the phospholipid being bonded electrostatically to protein. In the earlier versions of this model, the two layers of oriented phospholipid molecules were presumed to be separated by a space within which neutral lipid was contained; this space was eliminated in the later versions of the model,2 and the now standard phospholipid bilayer was suggested. Electron micro- scopic studies have since revealed the existence of numerous membrane systems distributed throughout the cell in addition to the plasma membrane. The morphological similarity of all membranes, as observed with the electron microscope following fixation and positive staining, led Robertson to propose the unit membrane hypothesis'-' (cf. Fig. 2 ), an hypothesis which in some important respects was similar to that of Danielli Much of the evidence for the unit membrane hypothesis is based on biophysical studies of myelin (polarization microscopy, X-ray diffraction, and electron microscopy). These studies of the myelin system generally support the idea that lipids are arranged in bilayers. X-ray examination by numerous investigators'0-12 of unfixed myelin sheaths has revealed spacings between repeating layers of 171 A. According to Finean, 12 this spacing corresponds to two bimolecular leaflets of lipid. A unit membrane would account for about one half of the fundamental spacing observed in myelin; Robertson considered the X-ray data on myelin as experimental support for his membrane model although the electron micrographs of myelin revealed spacings of 120 A in KMnO4-fixed, specimens and of some 100 A in osmium-fixed specimens.4 But, regardless of these dimensional and other uncertainties, the concept of a membrane as a paucimolecular lipid-protein structure now appears to be well established in fact and, in this respect, corresponds to the general prediction of the unit membrane thesis.
(2) Limitations of the Unit Membrane Hypothesis. Chemical binding studies: Studies on the binding of phospholipid to proteins in various membranes has led to the conclusion that the predominant binding mode between lipids and protein is hydrophobic'3 rather than electrostatics (cf. S. Fleischer and his colleagues '5' 16 on the mitochondrial membranes, A. D. Brown'7 on the membrane of halotolerant bacteria, and A. Benson'8' 19 on the membranes of the chloroplast). The hydrophobic bonding established in these studies implies deep penetration of the hydrophobic region of protein by the hydrocarbon residues of the phospholipid molecules. This interaction is so tight that, when the disassociation of the lipoprotein complexes VOL. 55, 1966 BIOCHEMISTRY: GREEN AND PERDUE 1297 comprising the mitochondrial electron transfer chain from one another is achieved with bile salts, the stoichiometry of lipid and protein within the separated complexes is not disturbed.20 21 Thus, in the case of beef heart mitochondria, binding studies do not support the thesis that lipids and proteins form separate phases joined by electrostatic interaction, as predicted by the unit membrane hypothesis.
Benson and Singer19 have reached essentially the same conclusion in their study of the chloroplastic membrane system. The electron transfer complexes of the inner mitochondrial membrane lose the capacity for integrated electron transfer when lipid is removed, and regain this capacity when lipid is reintroduced. Essentiality of lipid for enzymic function can readily be rationalized with hydrophobic bonding between lipid and protein-a mode of bonding in which lipid can profoundly influence the conformation of the protein.
Membrane spacings: Electron micrographs of negatively stained specimens of authentic bimolecular phospholipid leaflets show characteristic spacings and a laminar appearance.22 23 Such ultrastructural patterns are not observed in the membranes of mitochondria or in those of chloroplasts unless these have been damaged or modified by appropriate treatment.
From mitochondria and other membrane systems phospholipid can be extracted almost quantitatively with a mixture consisting of 90 per cent of acetone and 10 per cent of water. Fleischer et al.22 have carried out an electron microscopic examination of such lipid-depleted mitochondria. The appearance of the cristae and the dimensions of the layers in the extracted membranes were virtually indistinguishable from those in normal, unextracted mitochondria. If the protein layers were held apart by lipid bilayers, one might expect the structure to collapse when the lipid was removed; this collapse was not observed. Such a result indicates that (1) the basic framework of the membrane system must be protein and not phospholipid; and (2) that the characteristic spacings observed in electron micrographs are determined predominantly by the protein of the membrane. Thus, it must be questioned whether the clear space between densely stained layers in electron micrographs of positively stained membranes can be equated, as Robertson does, with the hydrocarbon chains of phospholipid bilayers.
The special status of myelin: The myelin sheath which has provided most of the available evidence for the unit membrane hypothesis is now generally regarded as a specialized derivative of the plasma membrane. 24 The enzymic activity and the turnover of the major components in myelin are essentially zero.2' The ratio of lipid to protein in myelin is 3:1 ;26 the analogous ratio in membranes is generally no higher than 1: 2, and usually less.
Because of these special features of myelin it is our view that the preoccupation with the ultrastructure of myelin has been in the nature of a distraction, since this structured system appears to have little in common with cellular membranes either chemically or functionally. 27 Extended protein chains in membranes: The extended protein configuration has been invoked in the unit membrane hypothesis but experiment has failed to verify this prediction for any membrane, including the myelin structure itself.
Maddy and M'alcolm28 concluded from infrared absorption analysis that the pro- 32 have expressed reservations about the applicability of the unit membrane hypothesis to biological membranes. However, until very recently the body of contrary evidence was insufficient for evaluation of the kind which is being attempted in the present communication.
(3) Macromolecular Repeating Units in Membranes.-During the past 10 years a large body of evidence has accumulated, showing that the electron transfer system and certain other systems of the mitochondrion are built up from macromolecular complexes33-35 (molecular weights of the order of about 0.5-1.0 X 106). Similar complexes have also been isolated from chloroplasts36 37 and from microsomal membranes. 38 The existence of these macromolecular functional units clearly argued for counterpart ultrastructural units (see Green '8 61, 62 and in endoplasmic reticula29). These repeating units are of variable shape and size, and cover a range of molecular weights ranging from 50,000 to well over a million.
The verification of globular repeating units in mitochondria and other membrane systems by the freeze-etching technique introduced by Moor and Muhlethaler63 has effectively disposed of the possibility of these repeating units being artifacts of the methods of staining and fixation.64 This technique, which involves sectioning of frozen specimens followed by surface replication, would be expected to minimize the danger of preparative artifacts.
Blaisie et al.,56 employing low-angle X-ray diffraction and polarization microscopy, studied the membrane of the outer segments of the rods of the frog retina, and correlated these observations with those obtained by electron microscopy. The X-ray diffraction data indicate globular particles, 40 A in diameter, arranged in the membrane within unit cells, 70 A in width. Lipid extraction of the membranes failed to distort the diffraction pattern or the pattern observed with the electron microscope. Kreutz65 has similarly shown by X-ray diffraction that the chloroplastic lamella is also made up of repeating units with a diameter of 71 A. This repeating unit may be equated with a subunit of the "quantasome" reported by Park and Definition of membranes: We may now define membranes as vesicular or tubular systems, the continuum being made up of nesting, lipoprotein-repeating units (one layer thick). A diagrammatic representation of a tubular membrane is shown in Figure 3 . According to this interpretation, these repeating units are the only structured elements in membranes. This conclusion is in accord with chemical studies of membranes. Essentially all the protein and lipid of membrane systemsfor example, the mitochondrion-are structure-bound within the organelle. Modalities of repeating units: Each membrane appears to have its own specific repeating unit which is characteristic in respect to form or size or both. Different types of repeating units are shown diagrammatically in Figure 4 . Repeating units are made up of a basepiece (the invariant or membrane-forming sector) and a detachable sector (this is not essential to the membrane continuum but is a projection therefrom). The headpiece and stalk of the elementary particle of the mitochondrial inner membrane can be detached by sonication,46 or by exposure to bile salts, without disruption of the membrane continuum. 20 The projecting elements in membrane-repeating units are thus intrinsic parts of the membrane but not essential for the maintenance of membrane structure.
In any given membrane layer the repeating units are all complementary in form (this is mandatory for the formation of the membrane continuum) but not in composition. In the inner membrane of the mitochondrion there may be as many as ten different species of elementary particles each chemically and enzymically unique.61
The repeating unit of the inner mitochondrial membrane has a molecular weight of about 1.2 X 106; this corresponds to some 40 molecules of protein and about 400 molecules of phospholipid. The molecular weights of repeating units in different membranes may vary over wide limits.
Vesicularization of repeating units: The repeating units of membranes can be disassociated one from another by detergents such as bile salts to yield monomerized lipoprotein complexes. When the bile salts are removed by appropriate means, the repeating units spontaneously reaggregate to form vesicular membranes (cf. Fig. 5 ). Brown'7 cific way to form a membrane continuum. This phenomenon is not unique but is, in fact, in line with the well-established principle of self-assembly as observed with viral coat proteins. 70 Multiple membrane layers in organelles: Organelles are built up of two or more component membranes which have entirely different repeating units and functional attributes. Organelles are systems of membranes rather than individual membranes. Moreover, the relation of one membrane layer to the other within the system is highly precise and characteristic of the organelle.
Membranes and metabolic sequences: A considerable number of integrated metabolic sequences have been shown to be localized within the repeating units of membranes.7" 72 Included in this list are the electron transfer chain,73 the system of enzymes catalyzing the citric cycle,74-76 the system of enzymes catalyzing the glycolytic sequence of reactions cycle,77 the mitochondrial system of enzymes for elongation of fatty acids,78 and the microsomal system for synthesis of proteins.79 It may be argued on the basis of presently available evidence that all integrated metabolic sequences are, perforce, localized in the repeating units of membranes, but this localization has still to be verified experimentally for some of the sequences.
The study of the mitochondrial membranes has shown that enzymes constitute a large proportion of the total protein of both the outer and inner membranes. It is catalytic protein, rather than structural protein, that is the determinant of the capacity for membrane formation. The functionally active complexes can be divested of structural protein without losing the capability of forming membranes. 80 Concluding Comment. 
